In this paper we have compared the size and number of retinal blood vessels in patients with MS, with and without a history of optic neuritis (ON), and control subjects from the cross-sectional retinal images from OCT. Blood vessel diameter (BVD), blood vessel number (BVN), and retinal nerve fiber layer thickness (RNFL T ) were extracted from OCT images collected from around the optic nerves of 129 eyes (24 control, 24 MS + ON, 81 MS-ON) of 71 subjects. Associations between blood vessel metrics, MS diagnosis, MS disability, ON, and RNFL T were evaluated using generalized estimating equation (GEE) models. MS eyes had a lower total BVD and BVN than control eyes. The effect was more pronounced with increased MS disability, and persisted in multivariate models adjusting for RNFL T and ON history. Twenty-nine percent (29%) of MS subjects had fewer retinal blood vessels than all control subjects. MS diagnosis, disability, and ON history were not associated with average blood vessel size. The relationship between MS and lower total BVD/BVN is not accounted for by RNFL T or ON. Further study is needed to determine the relationship between OCT blood vessel metrics and qualitative retinal blood vessel abnormalities in MS. Huang, "Optical coherence tomography angiography of optic nerve head and parafovea in multiple sclerosis," Br. J. Ophthalmol. 98(10),
Introduction
Multiple sclerosis (MS) is a chronic, immune-mediated disease of the central nervous system (CNS) [1, 2] that frequently results in pathological changes in the visual pathways with resulting vision morbidity. The anterior visual pathway, particularly the retinal ganglion cells (RGCs) that comprise the optic nerve, is commonly affected in MS, both acutely through optic neuritis (ON) and chronically with retinal ganglion cell atrophy, which can occur independently from ON [3] . Imaging the anterior visual pathway provides a structural correlate of the clinical and functional consequences of axonal and neuronal loss in MS [4] . Optical coherence tomography (OCT) [5] , a widely used non-invasive retinal imaging technique, generates high resolution cross-sectional images of the retina based on the interference patterns produced by low coherence light reflected from retinal tissues [6] . Structural retinal defects, including thinning of the peripapillary retinal nerve fiber layer (RNFL) [7] [8] [9] [10] [11] and thinning of the macular ganglion cell component [12, 13] , have been demonstrated in MS eyes using OCT. Both of these measurements are a consequence of RGC atrophy [14] and accordingly are associated with history of ON and MS progression [15] . Non-RGC associated retinal changes have also been demonstrated in MS, including qualitative involvement of retinal blood vessels (BVs) in MS. Published data include histopathologic evidence for vascular inflammation in 20% of subjects in a post mortem series [16] and clinical evidence of retinal phlebitis in 16% of patients [17] . These changes, as well as other structural retinal changes such as microcystic macular edema of the retinal inner nuclear layer [18] , and thinning of non-ganglion cell retinal layers [19] , seem to be independent from MS effects on the RGCs.
Quantitative retinal vessel structural measurements are widely studied as a marker of neurological disease due to their ease of measurement and anatomical connections to the neuro-vascular system. These have been demonstrated to be associated with risk of cerebral vascular disease even after adjusting for systemic vascular risk factors [20] . Quantitative retinal blood vessel metrics are potential markers of MS based on the known clinical relationships between MS and retinal vessel inflammation [17, 21, 22] , and between MS and ganglion cell loss, which potentially decreases metabolic demand [23, 24] . However, these relationships have not been thoroughly explored using OCT. There is a single report of a decrease in relative blood flow to the optic nerve head in MS eyes, measured using OCT angiography [25] . However, this technique is not yet widely available in the clinical setting, compared to quantitative static retinal blood vessel metrics which can be extracted from OCT scans that are acquired using currently available clinical instrumentation [26] [27] [28] . We sought to investigate quantitative retinal blood vessel metrics as a marker of MS using a cross sectional study of retinal blood vessel diameters in individuals with and without MS, and with and without a history of ON. We hypothesized that the measured blood vessel metrics from OCT images of patients with MS would be significantly different from those of healthy controls. This study is an important initial step in evaluating OCT measures of retinal vessel structure as a quantifiable in vivo biomarker of MS and its severity, and represents a novel assessment of retina blood vessel metrics in MS patients.
Material and methods

Subjects
Flyers were distributed to participants within the North American Research Committee on Multiple Sclerosis registry and to participants from previous studies from our laboratory who had expressed interest in future research opportunities. All patients with MS had their diagnosis confirmed by their treating neurologist, based on revised McDonald criteria [29] . Participant recruitment occurred between February 2013 and September 2013. Criteria for inclusion were: physician-confirmed diagnosis of MS; age range 18-64 years; expanded disability status scale (EDSS) [30] score <8.0; ability to visit our laboratory for OCT imaging; and physician approval for study participation. Participants with MS (n = 58) and healthy controls without any history of ocular or neurologic disease (n = 13), were recruited for the study. We excluded some of the eyes (2 control, 2 MS-mild, and 5 MS-moderate) due to missing data (peripapillary OCT scan was not done), poor OCT image quality (where extensive manual correction would have been required) or centration, which may artificially decrease or increase the RNFL thickness (RNFL T ), but might also modify the diameter of blood vessels [31] . Patients with ophthalmologic or neurologic disorders (other than MS) including glaucoma, diabetic and hypertensive retinopathy, and/or a refractive error greater than 6 diopters, were excluded from the study. ON and other eye health history were determined by self-report using a Biophotonics Imaging Lab questionnaire. The protocol was reviewed and approved by the Institutional Review Board at the University of Illinois at Urbana-Champaign and all participants signed an informed consent prior to participating in the study. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study.
The participants were divided into three groups according to MS disability level: mild (EDSS 1.0-3.5), moderate (EDSS 4.0-5.5), and severe (EDSS 6.0-7.5). Twenty-four (24) eyes from 13 healthy control subjects, 38 eyes from 20 MS-Mild patients, 31 eyes from 19 MSModerate patients, and 36 eyes from 19 MS-Severe patients were included in the analysis. Twenty-four (24) eyes, all in MS patients, had a history of ON.
Retinal imaging and image processing
Retinal imaging was performed using a commercial OCT system (Spectralis HRA-OCT, Heidelberg Engineering, Heidelberg, Germany). The OCT scanning protocol consisted of a 3.9 mm diameter circumferential scan centered on the ONH (1536 A-scans). Differences in retinal magnification were small as highly myopic or hyperopic subjects (refractive error greater than 6 diopters) were excluded from this study. Each circumferential scan was subsequently unwrapped and displayed as a rectangular B-scan OCT image. En face IR-SLO images were also obtained at the same time. All the OCT scans were performed by same group of people, all with the same level of training, and with 6 µm/pixel lateral and 3.5 µm/pixel axial digital resolution [32] , respectively. After converting the images from the proprietary E2E format to tiff using the commercial viewing software (Heidelberg Eye Explorer, version 1.7.1.0), OCT images were flattened by manually fitting a line to the Bruch's membrane (BM) in order to make all OCT scans uniform.
Blood and blood flow within retinal vessels attenuates the OCT signal underneath the vessel and produces shadows which appear as vertically elongated "black bars" that transverse multiple layers in the OCT images. Using these shadows, blood vessels in the flattened OCT images were automatically segmented using freely available open source code (Optical Coherence Tomography Segmentation and Evaluation GUI (OCTSEG), Pattern Recognition Lab, Friedrich-Alexander University, Erlangen-Nuremberg, Germany) developed based on research work on OCT [33] . All segmentations were performed by the same person, who was blinded to the study groupings. We manually corrected the automatically segmented images after comparing each OCT image with the corresponding flattened IR-SLO image to identify and exclude features of the retina, other than the blood vessels, that caused optical shadowing. In a few cases, when the blood vessels were appearing oblique, we manually corrected the diameter to avoid adding extra diameter to the blood vessel measurement. This was done by measuring from the IR-SLO image the angular deviation of the vessel from the ideal orientation orthogonal to the image plane, and multiplying the measured diameter by the sine of the angle. We also corrected any segmentation artifacts, such as when multiple blood vessels were erroneously paired together to appear as a single blood vessel in the OCT image. We discarded all automatically segmented blood vessels that were 2 pixels or less in size (less than 12 µm in diameter) from the analysis, which could erroneously have appeared due to image noise. Similar methodologies for measuring retinal blood vessels from OCT scans have been shown to be reliable and reproducible [28, 34] . The inner and outer nerve fiber layer boundaries (INFL and ONFL, respectively) in the same OCT images were also segmented using the same software, initially automatically, and then occasionally corrected manually for any anomalies. The OCTSEG software generates a metadata containing the diameter of the blood vessels and the RNFL T in pixels, which was then read and processed in Matlab.
Figure 1(a) shows the flowchart of the segmentation and data analysis method while Fig. 1(b) shows a representative flattened IR-SLO image. Figure 1(c) shows the segmented blood vessels, and Fig. 1(d) shows the segmented inner and outer RNFL boundaries in a representative OCT image. The red lines in Fig. 1(c) represent the blood vessels. The separation between the outer and inner NFL is the RNFL T , which is averaged over the entire scan length. Different blood vessel metrics: total blood vessel diameter, total number of blood vessels, and average blood vessel diameter, were calculated from the segmented data. Figure 2 shows en face IR-SLO images, segmented blood vessels, and inner -outer nerve fiber layers of circumferential peripapillary OCT images, respectively, for: a)-c) healthy control; d)-f) mild MS; g)-i) moderate MS; j)-l) severe MS; and m)-o) ON subjects. The green circles on the IR-SLO images show the locations of the circumferential cross-sectional scans and the green arrows show the direction of the scan. 
Statistical analysis
All the statistical analyses were performed using SPSS (Version 23.0, IBM, Chicago, IL). At the eye level, each outcome variable (RNFL T , total blood vessel diameter, blood vessel number and average blood vessel diameter) was examined using generalized estimating equation (GEE) models [35] , which account for within-subject correlation. Main effects of interest were MS diagnosis, MS disability (i.e., EDSS), and history of ON. Studied covariates were age, sex, and RNFL T (for blood vessel metrics). Exploratory analysis revealed all outcomes to be approximately normally distributed and therefore they were modeled as such. All outcomes were linearly related to MS disability, with control eyes considered to have no disability. Therefore, MS and disability were modeled as a single ordinal variable (0 = control, 1 = mild MS, 2 = moderate MS, 3 = severe MS). Univariate GEE models between each main variable and covariate were constructed for each outcome. Forward and backward methodologies were applied to construct a final multivariate model for each outcome with p<0.2 at the univariate level being the criterion for being introduced (forward modeling) or retained (backward modeling) in the final multivariate model. At the subject level, the proportion of participants with MS with outcome values outside the range of control subject values for both eyes was calculated. Table 1 shows the subject demographics and group characteristics. MS and control subjects did not differ by age (p = 0.59, t-test). However, there was a positive relationship between MS disability and age (p<0.05, linear regression). A higher proportion of MS subjects were male compared with normal subjects (p<0.05, Fishers exact). 
Results
Retinal nerve fiber layer thickness
Peripapillary RNFL T ranged from 49.5 to 122.4 µm and was associated with age (p<0.05) and inversely associated with MS disability (p<0.05) and history of optic neuritis (p<0.05), but not sex in univariate analysis (Table 2 ). These remained significant in the full multivariate model, which adjusted for all covariates ( Table 3 ). All of these remained significant in the final multivariate model with a change of 0.25 µm/year of age, −3.2 µm per stage of MS disability (control = 0) and −12.0 µm for history of optic neuritis (p<0.05, GEE).
Total blood vessel diameter
Total peripapillary blood vessel diameter ranged from 348 to 1386 µm and was associated with MS disability (p<0.05) and RNFL T (p<0.05), but not history of ON, age, or sex in univariate models (Table 2 ). In the full multivariate model, which adjusted for all covariates (Table 3) , only MS disability was significant (Table 3) . Only MS-disability remained in the final model with a decrease of −59.7 µm of blood vessel diameter per stage of MS-disability (control = 0) (p<0.05).
Total blood vessel number
Number of peripapillary blood vessels ranged from 5 to 17 and was associated only with MS disability (p<0.05), but not age, sex, ON, or RNFL T in univariate models (Table 2 ). In the full multivariate model, accounting for all covariates, MS-disability remained significant (Table 3) . Only MS-disability remained in the final model with a decrease of 1.35 blood vessels per stage of MS disability (control = 0) (p<0.05). In 17/58 (29%) of MS subjects, all tested eyes had a total blood vessel number less than 14, the lowest recorded blood vessel number across control eyes.
Average blood vessel diameter
Average blood vessel diameter ranged from 42.6 to 87.2 µm and was associated with age (p<0.05) and MS-disability (p<0.05), but not sex, RNFL T , or history of ON in univariate models ( Table 2 ). In the full multivariate model, accounting for all covariates, MS-disability remained significant (Table 3) . 
Discussion
Retinal changes including reduction of peripapillary RNFL T and macular ganglion cell layer [7, 8, 11] , microcystic macular edema of the retinal inner nuclear layer [18] , and thinning of non-ganglion cell retinal layers [19] , have been well documented in MS using static OCT imaging. This study contributes evidence for additional, previously uncharacterized, changes on cross-sectional OCT in MS patients, namely reduction in total diameter and number of peripapillary retinal vessels. We demonstrate these parameters to be reduced compared to healthy control subjects and find that the degree of reduction correlates with the degree of MS disability. Though average blood vessel diameter is minimally larger in MS eyes in univariate and full multivariate models, it was not significantly different in the final multivariate model. Therefore, we attribute the decrease in total vessel diameter associated with MS to a decrease in number of vessels.
In exploratory analysis, control eyes differed from MS eyes, and MS eyes differed by severity. Rather than present two distinct analyses (control vs. MS, and MS mild vs. moderate vs. severe), a single analysis was presented. This increases statistical efficiency. Further, the reported change in RNFL T with advancing age was an increase which may reflect the narrow age range in our sample (3 decades) as well as possible spurious associations. Note that the point estimate corresponds to a RNFL T increase of 6 microns/decade of age, which is near the detection limit of OCT. Excluding age from the multivariate RNFL model does not impact the results.
One potential reason for a smaller number of retinal vessels in MS subjects may be ganglion cell loss, leading to lower metabolic demands on the retinal circulation. Wang, et. al., showed lower optic nerve head blood flow in MS patients with a history of ON, compared with both MS patients without a history of ON, and control subjects, which supports such a mechanism in the optic nerve head circulation [25] . They also demonstrated no difference in parafoveal blood flow between controls, MS-ON, and MS + ON, arguing against such a mechanism in the retinal circulation. Similarly, our results demonstrate no association between retinal blood vessel metrics and clinical (history of ON) or structural (RNFL) measures of RGC injury. Though a direct comparison is challenging due to the different anatomical regions measured, our results contrast the parafoveal blood flow measures in Wang, et. al. as we find a difference between MS and control subjects. Further investigation is necessary to directly compare dynamic (i.e. blood flow) with structural (i.e. blood vessel size and number) measures. Additional insight would be gained by comparing retinal vessels in MS subjects with those in patients with optic neuropathies of other causes.
Alternatively, the decrease in blood vessels could be related to known qualitative inflammatory retinal vascular pathology in MS. The proportion of our subjects with abnormal retinal blood vessel number (29%) is similar to the proportion reported to have retinal blood vessel changes at autopsy (20%) [16] and observed clinically (16%) [36] . Furthermore, retinal phlebitis has been reported to correlate with MS activity, but not RGC loss, which is similar in pattern to the associations we found for retinal blood vessel number and total diameter. We are not proposing that there is active vasculitis in the peripapillary vessels that were measured. Rather, that it is possible that the peripapillary changes represent adaptive or pathological changes related to current or prior phlebitis in the peripheral retina. Though this evidence is circumstantial, and the location of the qualitative pathology (in the retinal periphery) is distant from the location of our blood vessel measurements (around the optic nerve), the connected nature of blood vessels makes it conceivable that there are changes in proximal vessels associated with distal pathology. Future study is needed to compare clinical and imaging findings in persons with MS in order to determine if blood vessel metrics are associated with current or past retinal phlebitis.
Our study has several limitations. The cross-sectional nature of our study precludes commenting on the longitudinal nature of these changes within individuals. We are also unable to comment on correlations with retinal phlebitis within individuals since the peripapillary nature of the imaging acquired is not sufficient to assess this. We were unable to differentiate arteries from veins, and an important area for future study is to investigate each type of vessel separately, perhaps using comparisons to fundus photography to make the distinction. Further, wide field retinal exams were not available for this group of subjects to facilitate a direct comparison with active qualitative retinal vascular changes. This is an important area of future research.
Conclusions
Our results demonstrate quantitative changes in the total diameter and number of retinal blood vessels in MS eyes. Though the reasons for this are not certain, comparison with RGC measures suggest that this is not a secondary change in response to RGC loss. Further studies are needed to confirm our findings, and explore the implications and biological basis of decreased blood vessel diameter and number in MS. Finally, additional studies are needed to determine whether these changing blood vessel metrics can be used as early indicators for disease progression in MS.
